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APOLLO 11 (MISSION G) SPACECRAFT DISPERSION ANALYSIS 
VOLUME II - TRANSLUNAR AND TRANSEARTH PHASES 



By G. C. Hitt, S. M. Kindall, and J. D. Yencharis 


SUMMARY 


The results of the spacecraft dispersion analyses for the trans- 
Ixinar and transearth phases of Apollo (Mission G) are presented in this 
document. The analyses were performed Based on the Apollo 11 (Mission G) 
operational trajectory which has a Jxily l6, 19^9 » launch date and a 
72° latuich azimuth (ref. l). 

Of the 200 translunar phase and 200 transearth phase simulations 
which were performed, the worst cases resulted in total service prop- 
ulsion system (SPS) AV expendit\ires of 53.6 fps and 17.2 fps for the 
translunar and transearth phases,, respectively. Worst-case reaction 
control system (RCS) AV expenditures were 5.5 fps for the translunar 
phase and lU.6 fps for the transearth phase. 

Trajectory deviations at lunar orhit insertion (LOI) and at entry 
are smaller than those obtained from preflight analyses for the Apollo 10 
mission and appear to be acceptable. However, it appears, that deviations 
at LOI could be reduced significantly if a midcourse correction were 
not allowed at MCC-3 (LOI minus 22 hr) . 

This analysis was conducted within the guideline of MCC logic 
established in the most recent Mission Techniques! documents (refs. 2 and 3). 
However, recent changes in. that logic will necessitate a revision of 
this dispersion analysis. On translunar coast, an entirely different 
philosophy in MCC logic which will emphasize MCC- 2 and MCC-i^ instead of 
MCC-1 and MCC-3 is currently evolving. On trans arth coast, the time 
for the middle midcourse (MCC-6) maneuver has bet n moved from 
El minus 15 hours to El minus 22 hovirs. Another cause for revision of 
the analysis is an update of one error source (the CSM TVC pointing error) 
which is used for the analysis. 




MISSION DESCRIPTION 


The nominal time lines for the translunar and transeeurth phases 
of Apollo 11 (Mission G), as specified in reference 1, are shown "below. 

Translunar phase 


Event 

Time, day: hr: min, 
g.e.t . 

Time from TLI 
cutoff, hrs 

Translunar injection 
(TLI) cutoff 

0:02:50 

0 

MCC-1 

0:11:50 

9 

MCC-2 

1:02:50 

2k 

MCC-3 

2:05:55 

51.1 (LOI minus 22 hr) 

MCC-U 

2:22:55 

68.1 (loI minus 5 hr) 

LOI ignition 

3:03:55 

73.1 

Nodal passage 

3:03:58 

73.1 


Trans earth phase 


Event 

Time, day: hr: min, 

g.e.t. 

Time from TEI 
cutoff, hrs 

Transearth injection 

5:11:31 

0 

(TEI) cutoff 



MCC-5 

6:02:31 

15 

MCC-6 

7:12:01 

^8.5 (entry minus 15 hr) 

MCC-7 

8:00:01 

60.5 (entry minus 3 hr) 

Entry 

'8:03:01 

63.5 
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SIMULATION DESCRIPTION 


The dispersion analyses for the translunar and transearth phases 
of Apollo 11 (Mission G) were performed with the linear* Monte Carlo 
dispersion analysis programs described in references k and 5- 


Translunar Simulations 

Each transliinar simulation was initialized with a set of sample 
state vector deviations (actual deviations) after the evasive maneuver 
at TLI cutoff plus 66 OI.U seconds and was terminated at the nominal time 
of nodal passage. Simulated midcourse corrections were targeted to node 
(X, Y, Z and time at the node of the approach hyperbola and the lunar 
orbit plane) and included the effects of MSFN navigation errors, errors 
in the estimated values for the gravitational constants of the earth and 
moon, and midcourse execution errors. 


Trans earth Simulations 

Transesirth simulations were initialized with a set of sample actual 
state deviations at TEI cutoff plus 15 seconds and were terminated at 
entry interface (UOO 000 ft). Simtilated transearth midcoiurse corrections 
were targeted to an entry fight-path angle of -6.509° (with longitude 
and latitude of the entry point unconstrained) and included the effects 
of MSFN navigation errors, errors in the estimated values for the 
gravitational constants of the earth and moon, and midoourse execution 
errors . 

In both the translunar and the transearth simulations, MSFN tracking 
data taken during the 2-hour period immediately prior to a planned 
midcourse correction were not included in the calculation of the 
required AV. 


ERROR SOURCES 


Navigation Errors 

MSFN tracking normal matrices and state transition matrices for 
the translunar and transearth phase dispersion analyses were prepared 
by MSC/TRW task A-153 using the TAPP IV program. Navigational error 
sources whose effects were included in both the translunar and transearth 
analyses were tracking data noise and biases, MSFN tracking station 









k 


location errors, error in the estimated value for the gravitational 
constant of the earth, and error in the estimated value for the 
gravitational constant of the moon. The value of the standard deviation 
for each of these errors was specified by the Mathematical Physics Branch 
of Mission Planning and Analysis Division. Venting effects were not 
included in the Apollo 11 (Mission G) simulations. Navigational errors 
for Apollo 11 (Mission G), the effects of which are considered in this 
anedysis, are summarized in reference 6. 
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Midcourse Execution Errors 


Translunar and transearth midcourse maneuvers were modeled as in- 
pulsive corrections, and it was assumed that all maneuvers are performed 
with the primary guidance system. The effects of the errors listed 


below were included in simulated midcourse maneuvers; the errors were 
modeled to have a normal distribution with mean and standard deviation 
as indicated. 


' Error 

Mean 

standard deviation 

Initial thrust vector pointing error 



Pitch, deg 

0.0 

0.30 

Yaw, deg 

0.0 

0.30 

IMU platform alinement error at 
midcourse burn initiation®- 



Pitch, deg 

0.0 

1.87 X 10 2 

Roll, deg 

0.0 

1.8TX 10" 

Yaw , deg 

0.0 

1.87 X lO"^ 

IMU accelerometer bias 



X-axis, ft/sec2 

0.0 

6.56 X lo"^ 

Y-axis, ft/sec2 .... 

0.0 

6.56 X 10"^ 

Z-axis, ft/sec2 , . ^ 

0.0 

6.56 X 10" 

IMU accelerometer scale factor 



X-axis 

0.0 

I.l6 X 10";; 

Y-axis 

0.0 

I.l6 X lo"^ 

Z-axis 

0.0 

I.l6 X lo" 

• Error in SPS thrust magnitude , lb , , . 

0.0 

1 U 7.2 

Error in RCS thrust magnitude (one 



jet ) , lb 

-O.T 

1.2 

SPS tailoff impulse error (equivalent 
time at full thrust ) , sec 

0.0 

O.OU 


Includes an initial misalinement of 1.11 x 10 (la) and one-half hour 
of drift at a rate of 3.0 x lo 2 deg/hr. The RMS of these two values yielded 
1.8? X lo"2o (la). 
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In addition to these errors, initial vehicle pitch, roll, and yaw attitude 
errors at maneuver ignition were simulated with these errors assumed to 
be uniformly distributed between -0.5° and 0.5° (the deadband constraints 
for attitude hold prior to ignition). Also, the fact that AV sensed 
onboard accumulates in discrete steps of 0.19 fps rather than as a 
continuous function of actual AV, was accounted for in the simulation. 

Nominal weights and engine performance data for the CSM were 
assumed to be as follows. 


Nominal CSM weight (dry), lb 22 831 

Nominal LM weight, lb 33 2?6 

Nominal propellant weights after TLI, lb hO ^98 

Nominal propellant weights after TEI, lb 3 755 

Nominal thrust for SPS, lb 20 880 

Nominal specific impulse for SPS, sec 313.8 

Nominal thrust (one jet) for PCS, lb 102.8 

Nominal specific impulse for RCS, sec 277. 3 


Nominal performance values, standard deviations for errors, and 
ciorves which relate AV errors (caused by initial thrust vector pointing 
error) to midcourse burn time were all obtained from reference 7. Nominal 
weights were obtained from reference 8. 


Injection Errors 

The covariance matrices of actual post injection state deviations 
which were used to generate sample initial state deviations for the 
translunar and transearth phase simulations are presented in table I. 
These matrices were generated by the Guidance and Performance Branch of 
Mission Planning and Analysis Division. 

Each of the matrices in table I is actxxally a combined covariance 

and correlation matrix with covariance elements a., in the lower 

ij 

triangular portion and correlation coefficients p^, above the diagonal, 
as shown on the following page. 
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where a. = standard deviation of the ith component of the state 
vector deviation 

P = correlation coefficient for the ith and jth components 


MIDCOUBSE DECISION LOGIC 


N 


In the translunar and transearth simulations, the decision to make 
or not to make a midcourse correction at each of the specified nominal 
midcourse times was based on the magnitude of the required AV relative to 
several different threshold values. The first of these thresholds was 
the midcourse correction thi’eshold (MCCT). A maneuver was not performed 
\inless the magnitude of the required AV exceeded this threshold. If 

I I _ . _ _ 


AV, 

lAV. 


REQ' 


^ MCCT, then a midcourse correction was performed. If 


'REQ I — threshold, then the maneuver was performed with 
the SPS^; otherwise, the maneuver was performed with the RCS. 

^For transearth simulations, all SPS MCC’s included an RCS ullage 
maneuver equal to U.O fps. Ullage maneuvers were not performed during 
the translunar phase. 
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TABLE I.- COVARIANCE MATRICES OF ACTUAL ?OST-INJECTION STATE DEVIATIONS 
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After a midconrse correction with the SPS, the magnitude of 
^RES’ '•ssidual 4V - iVg^gj^), was compared with 

the trim threshold TRIMT, and an RCS trim maneuver was performed if 

IaV_™| > TRIMT. However, the residual AV was not trimmed down to zero 

Rtib 

but down to the value of TRIMT, in accordance with a policy established 
by the Data Priority Techniques Working Groups. 

A diagram of the midco\irse decision logic is shown in figure 1. 

The values of MCCT, SPST, and TRIMT for the four translunax midcourse 
corrections are given in table II. The values for the three transearth 
midcourse corrections are shown in table II. 


TABLE II.- TRANSLUNAR MIDCOURSE DECISION THRESHOLDS 


Threshold 

MCC-1 

MCC-2 

MCC-3 

MCC-U 

MCCT, fps 

3.0 

3.0 

0.5 

1.0 

SPST, fps 

3.0 

3.0 

3.0 

3.0 

TRIMT, fps 

a 

- 

a 

0.5 ^ 

1.0 


TABLE III.- TRANSEARTH MIDCOURSE DECISION THRESHOLDS 


Threshold 

MCC-5 

MCC-6 

MCC-7 

MCCT, fps 

1.0 

0.5 

1.0 

SPST, fps 

lU.O 

lU.O 

ik.Q 

TRIMT, fps 

.2 

.2 

.2 


®'Trim not allowed. 
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Figure 1. Midcourse Decision Logic 



ir 




RESULTS 


Detailed resu3.ts from simulations of the translunar and transearth 
phases of Apollo 11 (Mission G) are tabulated in app*»ndixes A and B, 
respectively. 


Summary of Translunar Results 

As shown in table A-V in appendix A, the largest total AV commanded 
for Apollo 11 (Mission G) was 56.2 fps. The largest total SPS usage 
was 53 . 6 fps and the largest total RCS usage was 5 . 5 fps . 

. The engine usage histories of all 200 translunar simulations (fig. 2), 
indicates that the most probably translunar sequence of maneuvers is 
as follows. 

a. A first MCC at TLI p3.us 9 hours made with the SPS 

b. No MCC at TLI plus 2k hours 

c. A second MCC at LOT minus 22 hours made with the RCS 

d. A third MCC at LOI minus 5 hours made with the SPS 

The final la dispersion in altitude at node was 2.99 n. mi. The 
largest positive deviation in altitude at node was 8.2 n. mi., and the 
largest negative deviation was -8.2 n. mi. The dispersion in altitude 
at node tur Apollo 11 (Mission G) is smaller than it was for the Apollo 10 
mission. The final deviation in altitude at node caused directly by execution 
error at MCC-U is not large (e.g., table A-IV); the deviation is primarily 
the result of error in the pre-MCC-U estimate of required AV caused by 
state vector uncertainty. 
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Summary of Transearth Results 

Analysis of the transearth phase indicates that injection errors 
incurred d\iring the TEI burn are small and correctable (targeting for 
a flight-path angle at entry of -6.509°) at a small cost of midcourse 
AV. One of the 200 transearth simulations which were performed required 
no midcourse correction at all, and approximately 28 percent of the 
simulations accumulated a total AV of 3.0 fps or less. The SPS was used 
only five times during the simulations. All five SPS maneuvers occiirred 
at MCC-5 (TEI plus 15 hr); the SPS was never required at MCC-6 (entry 
minus 15 hr) or at MCC-T (entry minus 3 hr). The largest cxamulative 
AV (RCS) obtained was 22.8 fps. 

As indicated in table B-V of appendix B, midcoiirse corrections 
d\iring the transearth phase were always in a direction very nearly 
perpendicular to the geocentric position vector of the vehicle and in 
the plane of the trajectory. 

The trans earth maneuver sequence followed by each of the 200 
transearth simulations is presented in figure 3. At any time in the 
mission, given the sequence of maneuvers which preceded that time, data 
in figure 3 indicate the probable sequence of maneuvers which will follow. 

Thus, prior to MCC-5, the most probable sequence of transearth maneuvers 

is the following. "n 


a. 

MCC-5: 

b. 

MCC-6: 

c . 

MCC-T: 


RCS maneuver 
no maneuver 
no maneuver 


Note that some of the branches of the tree in figure 3 were followed in 
only a very few cases. On these branches the reliability of a predicted 
maneuver sequence would not be very high because the prediction wo\ild 
be based on results from such a small number of samples. 

Entry parameters (actual) from the transearth simulations ranged 
between the values shown in the following table. 
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Actual Entry Parameters 


Parameter 

Nominal 

Low 

High 

Flight-path angle, deg 

-6.509 

-6.6?U 

-6.366 

\ziiauth deviations, deg 

0.00 

-.90 

.96 

Longitude deviations, deg 

0.00 

-1.89 

l.6l 

Latitude deviations, deg 

0.00 

0.36 

.36 

..^eed deviations, fps 

0.00 

-11.6 

16.2 


Note that the entry flight-path angle range is well within the 
entry corridor of -5.25° (overshoot) to -7.3^° (l2g undershoot) defined 
in reference 1. Entry longitude and latitude deviations, which were 
not constrained in the calculation of midco^lrse corrections, result 
in lending points which are within the relocation capability of the 
recovery ship d\iring transearth coast. 

An MCC never accomplished its purpose to completely null deviations 
in the target parameter(s) , in this case, flight-path angle y at entry. 
There are two classes of errors which cause this failure: error in the 

pre-MCC estimate of y at entry, which leads to an erroneous calculation 
of the required AV, and error in the execution of the maneuver. The 
contribution of each of these classes of error to the post-MCC deviation 
in y at entry is shown in the Trajectory Characteristics sections of 
tables B-I, B-II, and B-III in appendix B. Note that the final deviation 
in Y at entry is caused primarily by the pre-MCC-l| error in the estimate 
of y rather than execution error at MCC-U. 

In summary, entry conditions obtained from the Apollo 11 (Mission G) 
transearth simulations appear to be completely acceptable. 


CONCLUSIONS 


The following conclusions may be drawn from this analysis. 

a. The translunar midcourse philosophy would benefit from any 
change which deemphasizes MCC-3. 

b. Total AV costs, translunar and transearth, are entirely 
acceptable. 
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c. Entry interface conditions are veil vithin acceptable bounds. 

It should also be pointed out that this analysis reflects only 
officially documented procedures which ./ere in effect at the time 
the study was initiated. A revision of the document will be forthcoming 
shortly. It will reflect the most current operational procedures. 


1 
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TABLE A-I.- STATISTICAL SUMMARY OF MIDCOURSE CORRECTION 1 (TLI + 9 Hours) 


Maneuver Characteristics 


Item Nominal 

required (ft/sec) 0.0 

Total aV commanded 
(ft/sec) 

Total SPS AV commanded 
(ft/ sec) 

Total RCS ty commanded 
(ft/sec) 

RCS aV commanded (MCC) 
(ft/sec) 

RCS aV commanded (trim) 
(ft/sec) 

Actual SPS propellant 
expended (lb) 

Actual RCS propellant 
expended (lb) 

Actual SPS burn time 
(sec) 

Actual RCS burn time 
(sec) 

AV^ sensed (ft/sec) 

AV^ sensed (ft /sec) 

AV^ sensed (ft /sec) 

AV residual a (ft /sec) 

AVy residual®- (ft /sec) 
aV residual®- (ft/sec) 0.0 

Number of SPS MCC’s - 199 
Number of RCS ullages - 0 
Number of RCS MCC's - 0 
Number of ^CS trims - 0 


Mean 

a 

Low 

High 

Sample 

Size 

15.9 

9.2 

1.2 

50.2 

200 

15.9 

9.2 

3.2 

50.2 

199 

15.9 

9.2 

3.2 

50.2 

199 

tm 

mt 

- 

- 

0 

- 

mm 

- 

- 

0 

M 

mm 

- 


0 

152.6 

88.1 

29.6 

480.8 

199 


m 

- 

- 

0 

2.29 

1.32 

.45 

7.15 

199 

- 

- 

mm 

- 

0 

-0.4 

12.4 

-30.8 

30.1 

199 

0.6 

12.8 

-32.7 

39.9 

199 

0.02 

4.6 

-12.9 

9.8 

199 

0.09 

0.4 

-1.04 

1.14 

199 

0.01 

0.1 

1 

o 

• 

o^ 

0.9 

199 

0.003 

0.1 

-0 . 8 

0.6 

199 


"■aV commanded minus sensed in control axis coordinates 
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TABLE A-II.- STATISTICAL SUMMARY OF MIDCOURSE CORRECTION 2 (TLI + 2k Hours) 


Maneuver Characteristics 


Item 1 

required (ft/sec) 

Total commanded 
(ft/sec) 

Total SPS aV commanded 
(ft/sec) 

Total RCS AV commanded 
(ft/sec) 

RCS aV commanded (MCC) 
(ft/sec) 

RCS aV commanded (trim) 
(ft/sec) 

Actual SPS propellant 
expended (lb) 

Actual RCS propellant 
expended (lb) 

Actual jPS burn time 
(sec) 

Actual RCS burn time 
(sec) 

aV sensed (ft /sec) 
u 

AV^ sensed (ft /sec) 

aV sensed (ft /sec) 
w 

AV^ residual^- (ft/sec) 

AVy residual®" (ft/sec) 

aV residual®- (ft/sec) 

“ z 


Number of SPS MCC's - 0 
Number of RCS ullages • 0 
Number of RCS MCC's - 0 
Number of RCS trims - 0 


Nominal Mean 


High 


Sample 

Size 


AV commanded minus AV sensed in control axis coordinates 


J. 


( 


« 

f-4 0) 

O. N 

o o 

o o 

o o 

o 

o 



e 

(0 CO 

o o 

CM CM 

o o 

CM CM 

o o 

CM CM 

o 

CM 

o 

CM 


0) 

CO 







o 



CO CO 

CO CO 

CO cn 

CM 

CM 

G 

•fij 

in to 

CM CM 

CO CO 

rH 

SO 

sD 

o 


o o 

• * 

• • 

A •» 

• 

• 

o 

•HI 

o o 




o 

o 


SI 

to to 

p« p« 

CM CM 

cn CO 



1 





CM CM 

1-H 




p- p- 

CO CO 

00 00 
vD vD 

CM 

CM 

lH fH 

P~ Pv 

CP CP 

to in 

O O 

o o 

• • 

• • 


• 

• 

o o 

sO vO 

o o 

Mt •4- 

o 

o 

to in 

p- p. 

CM CM 

O' O' 

00 

00 



tH «H 

C>4 CM 

1 

1 


pN r* 00 00 

00 00 o o 


*0- i-H 1-t 

mm 00 00 


c 

CO CO 

CM CM 

o o 

CO cn 

•4- Mf 

CM 

vO 

CM 

vO 


cd 

o o 

• • 

• • 

vO vO 

• 

• 


V 

o o 

p^ p. 

r-^ 

m m 

CM 

CM 

r 

X 

m m 

p* p. 

CM CM 
1-^ 

CO CO 






CM CM 

CO 

CO 







CO CO 

o o 



o 

o 

o 

O 

O 

O 

o o 

• • 

• 

• 

• 

• 

• 

• 

• 

• 

O O 

p* p* 

f-H 


o 

o 

o 

o 

O 

o 

m m 

p- p 

CM 

CM 

















4J 

4-1 


4J 


4J 


4J 

4J 

4J 

V CO 

0) CO 

V 

CO 

V 


« 

CO 

CO 


M o 

»4 O 

u 

O 


o 


o 

0 

o 

0* 

P4 P4 

(n* 

fU 

(1« 

Pu 

Ac 

Pi 

Pi 

Pi 








A 

4J 

G 


4J 



0) 



1 


(0 

•rl 

o 


•H G 



f— 1 





V,/ 

H 

•H 


u o 



00 



/p. 



iH 

H 


f-H «H 



G 



< 4J 



A 

A 


A H 


O 

Cd 



IH 


e 


6 


3 


V 



00 

C SH 

G 

•H 

G 

•H 


G U 


CO 

.c 


A 

•H 

•H 

4J 

•H 



•H A 


p 

4J 


•o 

A 




CO 


X 


4J 

A 



C TJ 

3 

•H 

G 

A 


G A 


IH 

d 



O P 

o 

A 

o 



O 


w 

1 


X 

•H H 

•H 

> 

■H 

O 


•H O 



4J 


4J 

4J -H 

H 

•H 

4J 

4J 


H H 


•o 



s 

A *J 

A 

Ki 

A 



A 


s ^ 

00 



•H I— 1 

•H 

M 

•H 

A 


•H A 


S <u 

•H 


•H 

> A 

> 

A 

> 

3 

/p 

> 3 

iP 

4J On 

iH 


N 

A 

A 


A 

"A 

H 

A >A 

H 

M CO 

IW 


A 

•A A 

•A 

A 

•A 


IH 

•A 

IH 





C 


G 


A 

v_/ 

A 

w 

f— 1 

1— 1 


i-H 

-I 3 

iH 

3 

iH 

•A 


iH «A 


Cd 

A 

/p 

A 

A >H 

A 

»H 

A 

O 

Ki 

A O 

Ki 

0 

3 

00 

9 

3 -H 

3 

•H 

3 

G 

O 

3 G 

O 

4J 

iJ 

A 

4J 

4J 

4J 

Wl 

»i 


h 

U 

U 

U 

U 

•o 

U 

U A 

O 

A 

U 

JJ 


U 4J 

U 

<! 

*< 

v-> 

< 

•C a 


b 

< 

A 

A 

A 

A 




23 



TABLE A-III.- STATISTICAL SUMMARY OF MIDCOURSE CORRECTION 3 (LOI - 22 Hours) 


r 



{ 



Maneuver Characteristics 


Sample 


Item 

Nominal 

Meai 

g 

Low 

High 

Size 

AV required (ft/sec) 

0,0 

1.98 

1.1 

0.3 

5.8 

200 

Total AV commanded 
(ft/sec) 



2,04 

1.1 

0.53 

5.8 

193 

Total SPL aV conmanded 
(ft/sec) 



3.9 

0.6 

3.01 

5.8 

33 

Total RCS AV commanded 
(ft/sec) 



1.6 

0.7 

0.07 

2.98 

164 

RCS aV commanded (MCC) 
(ft/sec) 



1.7 

0.7 

0.53 

2.98 

160 

RCS aV commanded (trim) 
(ft/sec) 



0.2 

0.1 

0.07 

0.4 

4 

Actual SPS propellant 
expended (lb) 



36.6 

6.9 

26.9 

55.3 

33 

Actual RCS propellant 
expended (IL) 



16.7 

8.5 

0.69 

36.0 

164 

Actual SPS burn time 
(sec) 



0.55 

0.10 

0.41 

0.82 

33 

Actual RCS burn time 
(sec) 



22.8 

11.1 

5.4 

48.2 

160 

AV sensed £t/s'c) 
u 



0.1 

1 .23 

-4.2 

5.2 

193 

AV^ sensed (ft/sec) 



-0.1 

1.6 

-4.4 

3.5 

193 

AV^ sensed (ft /sec) 



0.01 

0.95 

-2.8 

2.1 

193 

AV^ residual®* (ft/sec) 



0.1 

0.1 

-0.5 

0.65 

193 

AV residualA (ft/sec) 

y 



0.0 

0.0 

0.0 

0.0 

193 

AV residual®* (ft /sec) 

0.0 

0.0 

0.0 

0.0 

0.0 

193 


Number of SPS MCC's - 33 
Number of RGS ullages - 0 
Number of RCS MCC's - 160 
Niimber of RCS trims > 4 

a ' 

commanded minus sensed in control axis coordinates 






TABLE A-TII.- STATISTICAL SUMMABY OF MIDCOURSE CORRECTION 3 (LOI - 22 Ho’iTs) - Concluded 
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TABLE A-IV.- STATISTICAL SUMMARY OF MIDCOURSE CORRECTION h (LOI 


Maneuver Characteristics 


Item Nominal 

1 squired (ft/sec) 0.0 

Total commanded 
(ft/sec) 

Total SPS comnanded 

(ft/sec) 

Total RCS commanded 

(ft/sec) 

RCS AV conunanded (MCC) 
(ft/sec) 

RCS commanded (trim) 
(ft/sec) 

Actual SPS propellant 
expended (lb) 

Actual RCS propellant 
expended (lb) 

Actual SPS burn time 
(sec) 

Actual RCS burn time 
(sec) 

sensed (ft /sec) 

AV^ sensed (ft /sec) 

AV sensed (ft /sec) 
w 

AV^ residual^ (ft/sec) 

AV residual^- (ft/sec) f 

AV residual®- (ft/sec) 0.0 
z 

Number of SPS MCC's - 114 
Number of RCS ullages - 0 
NuHiber of RCS MCC’s - 81 
Number of RCS trims - 0 

a 

AV commanded minus AV sensed 


Mean 

cr 

Low 

High 

3.7 

2.0 

0.6 

11.3 

3.7 

2.0 

1.03 

11.3 

4.9 

1.8 

3.0 

11.3 

2.1 

0.6 

1.03 

2.99 

2.1 

0.6 

1.03 

2.99 

46.9 

18.0 

24.6 

107 . 1 

22.7 

6.7 

10.5 

36.9 

C.71 

0.27 

0.37 

1.63 

30.40 

8.96 

14.13 

49.05 

0.2 

2.7 

-8.6 

8.1 

0.04 

1.4 

-4.3 

4.2 

-0.2 

2.8 

-7.9 

6.8 

.08 

0.23 

-0.9 

0.7 

0.0 

0.02 

-0.2 

0.2 

0.0 

0.0 

0.0 

0.0 


in control axis coordinates 


5 Hours) 


Sample 

Size 

200 

195 

114 

81 

81 

0 

114 

81 

114 

81 

195 

195 

195 

195 

195 

195 


TABLE A-IV.- STATISTICAL SUMI4ARY OF MIDCOURSE CORRECTION U (LOI - 5 Hours) - Concluded 
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TABLE A-VI.- SAMPLE COVARIANCE MATRICES OF REQUIRED MIDCOURSE AV 


First Midcourse Correction (TLI+9 Hours) 


Sample covariance matrix of required midcourse (ft /sec; geocentric 
UVW coordinates )3- 


1 

1 1.2393220+001 

2 -7.7466724-001 

3 -2.9976965-003 


2 3 

Symnetrlc 
1.2813262+001 

3.0124755-003 4.5871587+000 


Second Midcourse Correction (TLI+24 Hours) 

Sample covariance matrix of required midcourse AV (ft /sec; geo- 
centric UVW coordinates)^ 

12 3 

1 4.9920259-001 Symmetric 

2 -2.1729862-001 7.3300322-001 

3 7.4920920-002 -6.7872800-001 5.3204486-001 


Statistics are based on 200 samples. 

Matrices are in normalized form; l.e., the diagonal elements are the 
standard deviations rather than the variances, and the off-diagonal 
elements are the correlation coefficients. 
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TABLE A-VI.- SAMPLE COVARIANCE MATRICES OF REQUIRED MIDCOURSE AV - Concluded 


Third Midcourse Correction (LOI-22 Hours) 


Sample covariance matrix of required midcourse AV (ft /sec; geocentric 
UVW coordinates )3- 


1 

1 1.2541959+000 

2 -2.6476865-001 

3 1.1702263-001 


2 3 

Symmetric 
1.6150671+000 

-5.4024729-001 9.8136036-001 


Fourth Midcourse Correction (LOI-5 Hours) 


Sample covariance matrix of required midcourse AV (ft /sec; seleno- 
centric UVW coordinates)^ 


1 

1 2.7511015+000 

2 8.3344487-001 

3 5.7080260-001 


2 3 

Symmetric 
1.4152040+000 

4.7187215-001 2.8118498+000 


a 

Statistics are based on 200 samples. 

Matrices are in normalized form; i.e., the diagonal elements are the 
standard deviations rather than the variances, and the off-diagonal 
elements ate the correlation coefficients. 
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All statistics based on 200 samples. Units are feet and feet per second; selenocentrlc UVW coordinates. 
Diagonal elements are variances; elements above the diagonal are correlation coefficients; elements below 
the diagonal are covariances. 


TABLE A-VIII.- SAMPLE COVARIANCE MATRICES OF POSTMANEUVER STATE DEVIATIONS 
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TABLE A- VI I I.- STATISTICAL SUMMARY OF DEVIATION 
IN ALTITUDE AT NODE 


Deviation in Altitude 

at Node 

(ft) 

Mean 


= 

- 114.6 

Standard deviate 

.on 

= 

18,189.1 

Smallest sample 


= 

-49,928.7 

25th percentile 

sample 

= 

-11,050.9 

50th percentile 

sample 

— 

- 716.7 

75th percentile 

sample 

— 

12,289.6 

90th percentile 

sample 

= 

23,426.4 

95th percentile 

sample 

= 

28,870.8 

99th percentile 

sample 

= 

42,186.2 

Largest sample 


= 

49,720.8 


) 


* 










p/vrc. PI AMk' ^ ■ 

preceding page blank not filmed. 
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preceding page blank not filmed. 

TABLE B-I.- STATISTICAL SUMMARY OF MIDCOURSE 
CORRECTION 5 (TEI + 15 Hours) 


Maneuver Characteristics 




Sample 


Item Nominal 

Mean 

a 

Low 

High 

Size 

AV required (ft /sec) 

0.0 

5.4 

3.9 

0.1 

21.2 

200 

Total AV commanded 
(ft/sec) 



5.9 

3.9 

1.1 

22.8 

183 

Total SPS Av commanded 
(f t/sec) 



13.7 

2.9 

10.7 

17.2 

5 

Total RCS /\V commanded 
(ft/sec) 



5.5 

3.2 

1.1 

13.9 

183 

RCS AV commanded (MCC) 
(ft/sec) 

1 


5.5 

3.2 

1.1 

13.9 

178 

RCS AV commanded (trim) 
(ft/sec) 



1.3 

0.5 

0.7 

2.0 

5 

Actual SPS propellant 
expended (lb) 

1 


36.6 

8.0 

26.3 

48.4 

5 

Actual RCS propellant 
expended (lb) 



16.1 

9.5 

2.9 

40.6 

183 

Actual SPS burn time 
(sec) 



0.55 

0.12 

0.40 

0.72 

5 

Actual RCS burn time 
( sec) 



21.7 

13.0 

3.8 

55.1 

178 

sensed (ft/sec) 



0.00 

0.08 

-0.38 

0.16 

183 

^V^ sensed (ft /sec) 



0.28 

6.87 

-21.37 

13.10 

183 

AV sensed (ft/sec) 
w 



0.01 

0.23 

-0.91 

0.43 

183 

^V^ residual®" (ft /sec) 



0.09 

0.07 

-0.45 

0.27 

183 

^V residual^- (ft/sec) 

y 



0.00 

0.03 

-0.21 

0.11 

183 

^V residual® (ft/sec) 

0.0 

0.00 

0.03 

-0.20 

0.20 

183 


Number of SPS MCC's - 5 
Number of RCS ullages - 5 
Number of RCS MCC's - 178 
Number of RCS trims - 5 

conmanded minus sensed in control axis coordinates 
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TABLE B-II.- STATISTICAL SUMMARY OF MIDCOURSE CORRECTION 6 (Entry 


Maneuver Characteristics 


Item Nominal Mean 

CT 

Low 

High 

AV required (ft/sec) 0 

.0 0.5 

0.4 

0.0 

2.3 

Total aV commanded 
(ft/sec) 

I 

0.9 

0.4 

0.5 

2.3 

1 

Total SPS aV commanded 
(f t/sec) 


- 

- 

tm 

Total RCS AV commanded 
(ft/sec) 

0.9 

0.4 

0.5 

2.3 

RCS AV commanded (MCC) 
(f t/sec) 

0.9 

0.4 

0.5 

2.3 

RCS aV commanded (trim) 
(ft/sec) 

- 

- 

- 

m 

Actual SPS propellant 
expended (lb) 

- 

- 

- 

- 

Actual RCS propellant 
expended (lb) 

2. A 

1.1 

1.1 

6.3 

Actual SPS burn time 
(sec) 

- 

- 

- 

- 

Actual RCS burn time 
(sec) 

3.3 

1.5 

1.4 

8.5 

AV^ sensed (ft/sec) 

0.00 

0.01 

-0.01 

0.01 

AV^ sensed (ft/sec) 

-0.08 

0.90 

-2.09 

2.09 

AV^ sensed (ft /sec) 

0.00 

0.00 

0.00 

0.00 

AV^ residual*^ (ft/sec) 

0.10 

0.06 

0.00 

0.19 

AVy residual^ (ft/sec) ^ 

' 0.00 

0.00 

0.00 

0.00 

AV residuals’ (ft/sec) 0 
z 

.0 0.00 

0.00 

0.00 

0.00 


Number of SPS MCC's - 0 
Number of RCS ullages - 0 
Number of RCS MCC's - 92 
Number of RCS trims - 0 


AV commanded minus AV sensed in control axis coordinates 


-15 Hours) 


Sample 

Size 

200 

92 

0 

92 

92 

0 

0 

92 

0 

92 


92 . 



J 

' ee 


\ 


1 
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TABLE B-III.- STATISTICAL SUMMARY OF MIDCOURSE 
CORRECTION T (Entry - 3 Hoxirs) 


Maneuver Characteristics 




k S’.-. 


¥ 


Item 


Nominal 



renuired (ft/sec) 0.0 

Total aV conmanded 
(ft/sec) 

Total SPS commanded 
(f t/sec) 

Total RCS AV commanded 
(ft/ sec) 

RCS aV commanded (MCC) 
(ft/sec) 

RCS aV commanded (trim) 
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AV residual a- (f t/sec) 

AVy residuals- (ft /sec) 

aV residual®- (ft /sec) 0.0 
“ z 

Number of SPS MCC's - 0 
Number of RCS ullages - 0 
Numb r of RCS MCC's - 37 
Number of RCS trims- 0 


Mean 

o 
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High 

0.6 
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0.01 
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0.00 
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0.00 
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0.00 

0.00 

0.00 


Sample 

Size 

200 

37 

0 

37 

37 

0 
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37 

0 
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37 


AV commanded minus sensed in control axis coordinates 




TABLE B-III.- STATISTICAL SUMMARY OF MIDCOURSE CORRECTION 7 (Entry - 3 Hours) - Concluded 
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TABLE B-IV.- SUMMARY OF RESULTS OF TRANSEAPTH PHASE SIMULATxONS 
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TABLE B-V.- SAMPLE COVARIANCE MATRICES OF REQUIRED 

MIDCOURSE AV 


Fifth Midcourse Correction (TEI+15 Hours) 


Sample covarianre matrix of required midcourse (ft/sec; geocentric 
UVW coordinaf ® 


1 

1 7.8436416-02 

2 1.0000000+00 

3 1 .0000000+00 


2 3 

Symmetric 

6.6444158+00 

1.0000000+00 2.1753580-01 


Sixth Midcourse Correction (Entry-15 Hours) 


Sample covariance matrix of required midcourse (ft/sec; geocentric 
rVW coordinates)^ 


1 

1 4.6746598-03 

2 1.0000000+00 

3 1.0000000+00 


2 3 

Symmetric 

6.9798748-01 

1.0000000+00 5.9709009-04 


Seventh Midcourse Correction (Entry-3 Hours) 


Sample covariance matrix of required midcourse (ft /sec; geocentric 
UVW coordinates)^ 


1 

1 2.8528771-02 

2 1.0000000+00 

3 1.0000000+00 


2 3 

Synmetric 

7.4274422-01 

1.0000000+00 2.7688235-OA 




Statistics are based on 200 samples. 

Matrices are in normalized form; l.e., the diagonal elements are the 
standard deviations rather than the variances and the off-diagonal 
elements are the correlation coefficients. The dominance of the 
V-component and the high correlation between components Indicate that 
the required /^V was always in a direction nearly parallel to the V-axls. 
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